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Institute of Physical and Theoretical Chemistry, Goethe University Frankfurt, Frankfurt am Main, GermanyABSTRACT Molecular photoswitches provide a promising way for selective regulation of nanoscaled biological systems. It has
been shown that conformational changes of azobenzene, one of the widely used photoswitches, can be used to reversibly
control DNA duplex formation. Here, we investigate the conformational response of DNA upon azobenzene binding and isom-
erization, using a threoninol linker that has been experimentally investigated recently. To this end, nonequilibrium molecular
dynamics simulations are carried out using a switching potential describing the photoinduced isomerization. Attachment of
azobenzene leads to a distortion of the DNA helical conformation that is similar for the trans and cis forms. However, the trans
form is stabilized by favorable stacking interactions whereas the cis form is found to remain flipped out of the basepair-stacked
position. Multiple azobenzene attachment augments the distortion in DNA helical conformation. The distorted DNA retains
nativelike pairing of bases at ambient temperatures, but shows weaker basepairing compared to native DNA at an elevated
temperature.INTRODUCTIONSequence specificity and self-assembly properties of DNA
have been exploited in many biological and nanotechnolo-
gical applications to develop nanowires (1), DNA walkers
(2), and DNA tweezers (3). These designs primarily rely
on conformational changes in DNA upon changing environ-
mental factors such as temperature, pH, ion concentration,
etc. (4). However, continuous operation of these devices re-
quires supply of DNA/RNA oligos, by analogy with a fuel
which accumulates as waste in the system after each cycle
of operation. A promising waste-free alternative to these
methods is provided by a photoresponsive DNA prepared
by tethering one or multiple copies of a photoswitch such
as azobenzene (5,6) or spiropyran (7) to the DNA backbone,
which can reversibly switch between on- and off-states by
regulation of its hybridization properties.
Azobenzene, one of the most widely used organic photo-
switches (8), is a diazene (H2N2) derivative with two hydro-
gens replaced by phenyl groups. The molecule switches from
planar trans to nonplanar cis conformation under UV irradi-
ation, whereas the reverse reaction occurs under visible light
(9). The planarity of trans azobenzene makes it a suitable
DNA base-stacking partner, whereas in cis conformation,
DNA base-stacking interactions are likely to be destabilized
due to the nonplanar conformation of the molecule.
A photoresponsive DNA has been prepared by Asanuma
et al. (5,6,10) by tethering one or multiple copies of azo-
benzene(s) to additional sugar-phosphate linkages along
the DNA backbone via a D- or L-threoninol group. Here,Submitted January 29, 2014, and accepted for publication June 25, 2014.
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0006-3495/14/08/0932/9 $2.00D-threoninol was found to be superior to L-threoninol in
stabilizing the duplex (6). The melting temperature (Tm)
of DNA with a trans azobenzene moiety inserted via a D-
or L-threoninol is higher than the native duplex, whereas
introduction of a cis azobenzene moiety significantly lowers
the Tm (11). However, attachment of a bulky group to the
para position of azobenzene and insertion of the moiety
into DNA via the L-threoninol linker reverses the photo-
switching behavior with cis azobenzene, stabilizing the
DNA duplex more than the trans form (12).
Attachment of azobenzene on a single strand of DNA
with the complementary strand left unmodified retains the
enzymatic activity on DNA (10). However, a complete on/
off-photoregulation of DNA hybridization is achieved by
attaching multiple azobenzenes to both strands of dsDNA
(13). By regulating spontaneous DNA hybridization with
light irradiation, azobenzene-tethered DNA has been used
to photo-control the transcription reaction by T7 RNA poly-
merase (14) and primer extension by DNA polymerase (15),
as well as being used in designing DNA tweezers (16).
Binding of a photoswitch to DNA induces a conforma-
tional response in the molecule that is tied to its functional
role and stability. However, the structural changes in DNA
induced by azobenzene binding and the details of the photo-
isomerization dynamics in the constrained DNA environ-
ment, as well as the molecular basis for the loss of DNA
stability, remain elusive. The timescales spanned by these
events range from the photoswitching dynamics in the ultra-
fast regime (femtoseconds to picoseconds) to initial confor-
mational changes in the nanosecond regime, up to slow
conformational dynamics on themillisecond to second scales.
In this work, we attempt to gain insight into these events at
an atomic level, using a nonequilibrium molecular dynamicshttp://dx.doi.org/10.1016/j.bpj.2014.06.044
Azobenzene Photoisomerization in DNA 933(MD) approach (17–19). Azobenzene was tethered to DNA
by an L-threoninol linker (Fig. 1) and multiple independent
molecular dynamics simulations of photoisomerization and
relaxation dynamics of azobenzene in DNAwere performed.
Furthermore, the effect of multiple azobenzene attachment
to a single strand of DNA as well as elevation of bath temper-
ature were investigated, totaling a simulation time of >1 ms.
The analysis reveals that attachment of azobenzene to DNA
induces changes in DNA helical conformation in both the
trans and cis forms. We also find that multiple azobenzene
insertion augments distortion in DNA but does not denatu-
rate the molecule. Denaturation of azobenzene-tethered
DNA is induced by thermal energy.METHODS
The azobenzene unit with an L-threoninol linker was modeled using
XLEAP and inserted into a DNA oligomer prepared with NAB. Both the
XLEAP and NAB modules are part of the AMBERTOOLS 12 package
(20). Three DNA oligomers previously studied by Asanuma et al. (21) to
look into the effect of azobenzene introduction on the denaturation of
DNA duplex were prepared: i.e., the native DNA with sequence TAA
GAAGGAGATAT; the DNA with the sequence TAAGAAGXGAGATAT
having a single azobenzene denoted by X attached to the backbone; and
the DNA with the sequence GCXTAAGXAAGXGAGXATAXTGC that
had five azobenzenes attached to the backbone.
Azobenzene charges and parameters for the NN bond, NNC angle, CNN
angle, and CNNC torsional potentials for the S0 and S1 states were taken
from the Time-Dependent Density Functional Theory-based parameteriza-
tion by Duchstein et al. (22). Charges for the linker atoms were taken from
the standard peptide backbone. A smooth switching potential connecting
the S1 trans excited state to S0 cis ground state along the CNNC torsional
profile was fitted (Fig. 2); this potential can be taken to correspond to an
effective diabatic potential (18,19). Parameters for the torsional potential
are listed in Table S1 in the Supporting Material. One should point out
that this force field (22) for the S1-S0 isomerization is more complete
than a simple one-dimensional torsion potential and includes a state-depen-
dent parameterization for several coordinates that couple to the CNNC tor-
sion. A similar approach has recently been applied to describe azobenzene
isomerization embedded in a helical foldamer (19).
Each molecular system was immersed in a water box of TIP3P water
molecules that extended at least 12 A˚ from any solute molecule. For
the shorter 14-mer sequence of DNA, a rectangular water box was used.A truncated octahedral water box was used for the longer 18-mer sequence
of DNA to reduce the system size and computational cost. A minimal num-
ber of sodium ions were added to each system using XLEAP to ensure elec-
trical neutrality. A cutoff of 12 A˚was used for nonbonded interactions with
a 2 A˚ buffer for pair-list generation. Periodic boundary conditions were
used and the long-range electrostatics was treated with the particle-mesh
Ewald method (23) with a grid size of <1 A˚.
Molecular dynamics simulations were performed using AMBER ff99
parameters (24,25) with PARMBSC0 modifications (26) in the NAMD pro-
gram (27). Equilibrium simulations of native DNA and the azobenzene-
substituted oligomers were performed in the NVE ensemble using a 1-fs
time step. Nonequilibrium relaxation from S1 trans to S0 cis of azobenzene
was carried out in NVE using the same time-stepping parameters, but with a
nonbonded pair-list generated and full electrostatics evaluated every time
step, which was otherwise done every 20 time steps. To investigate DNA
stability at an elevated temperature, additional simulations of native and
azobenzene-substituted oligomers were performed using the NVTensemble
with all bonds involving hydrogen constrained using the SHAKE algorithm
(28) and an integration time step of 2 fs. Coordinates were saved every 1000
steps during the equilibrium simulations and every step during the nonequi-
librium relaxation. For pressure control, the Nose´-Hoover Langevin piston
method (29,30) in NAMD was used, in which the temperature was main-
tained with a Langevin damping coefficient of 2 ps1.
For each of the simulations, the water molecules and ions were first
energy-minimized using the conjugate gradient method and equilibrated
at 300 K for 80 ps with the solute kept fixed. The whole system was then
energy-minimized, heated for 30 ps, and equilibrated for 100 ps at 300 K
and 1 atm in the NPT ensemble. Finally, the system was equilibrated for
another 500 ps using either the NVE or NVT ensemble.
The excited-state parameter files were prepared with the PARMED pro-
gram, which is part of the AMBERTOOLS 12 suite (20). Photo-excitation
of trans azobenzene and subsequent relaxation to cis ground state was
mimicked as follows: simulations were started in the excited state S1
with initial configurations randomly sampled from a thermalized ensemble
in the ground state at 300 K. These simulations continued until the CNNC
dihedral of azobenzene (fCNNC) reached 150
, at which point the configu-
rations were saved and the simulations were truncated. Each simulation was
then restarted from the last saved configuration using dihedral parameters
for the switching potential connecting S1 trans and S0 cis and bonded inter-
action parameters for S1, and was further continued until fCNNC < 60
,
at which point configurations were saved, and simulations were truncated
as before. Finally, the simulations were restarted again with parameters
for the ground state S0 and continued until the total relaxation time reached
100 ps.
Three-dimensional structures and trajectories were visually inspected
using the program VMD (31). Calculation of the root-mean-square
fluctuation (RMSF) from the average structure was performed withFIGURE 1 DNA oligomer with single or multi-
ple azobenzenes attached to the backbone. (Box,
magenta) Azobenzene unit with backbone and
the L-threoninol linker. Azobenzene is shown in
van der Waals representation. To see this figure
in color, go online.
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FIGURE 2 Schematic representation of the torsional potential for rota-
tion around the CNNC dihedral. (Dotted orange line) Relaxation of azoben-
zene from S1 trans to S0 cis is driven along the diabatic potential. In
the region 180 R fCNNCR 150 and 60 R fCNNCR 0, the switching
potential mimics S1 and S0, respectively, and in the range 150
R fCNNCR
60, it is a smooth fit between the S1 and S0 torsional potentials. To see this
figure in color, go online.
934 Biswas and BurghardtGROMACS 4.5 (32). DNA conformational analysis was performed using
the CURVESþ program (33). Hydrogen-bonded pairs were defined using
the following criteria:
1. Distance between H-bond donor (D) and acceptor (A) atoms dD-A< 3 A˚,
and
2. The angle qD-H-A < 20
.RESULTS
As explained above, the simulations reported in the
following result from an approximate representation of the
coupled S1(np*) and S0 potential energy surfaces in azoben-
zene, in conjunction with MD simulations of the combined
azobenzene-DNA system. We disregard transitions from
the S2(pp*) state, whose oscillator strength is superior to
S1, but whose trans-to-cis quantum yield is significantly
lower (FS2 ¼ 0.1–0.2 as compared with FS1 ¼ 0.2–0.4)
(7,34,35). Although the diabatic S1-S0 potential described
above does not capture the conical intersection-type poten-
tial energy surfaces topology, the initial nonequilibrium dy-
namics associated with the S1-S0 transition is described in a
qualitatively correct fashion.
In addition, an equilibrium ensemble was used, consisting
of multiple independent 100-ns-long trajectories of B-DNA
and DNA with one or five copies of azobenzene attached
in both trans and cis forms and at two different tempera-
tures, room temperature and 320 K, making a total of 12
simulations and 1.2 ms of combined trajectory. For trans sim-
ulations, the initial conditions were obtained from an equili-
brated ensemble at the desired temperature (see Methods).
However, for cis simulations, the initial conditions were
sampled from trajectories undergoing trans to cis isomeriza-
tion of azobenzene along the CNNC torsional potential. We
also found that the choice of initial conditions may affectBiophysical Journal 107(4) 932–940conformational sampling at a 100-ns timescale for cis simu-
lations (see Fig. S3 in the Supporting Material) but not for
trans (see Fig. S2), because the bent cis conformation is
likely to overcome a higher barrier to switch from unstacked
to partially stacked conformation in DNA. However, the
above findings likely do not affect the results presented
here, because the distributions of DNA parameters are aver-
aged over multiple independent trajectories, or over multiple
copies of azobenzene.Photoisomerization dynamics in DNA
environment
Four-hundred independent trajectories were started in the S1
trans state with their initial configuration and velocities taken
from the ground state ensemble and relaxed along the dia-
batic potential joining the S1 and S0 surfaces (Fig. 2). One-
hundred-forty-eight trajectories out of 400 switched from
trans to cis within 50 ps (see Fig. S1).To check the mecha-
nism of azobenzene isomerization in the simulations, five tra-
jectories were chosen randomly out of the 148 trajectories,
and root-mean-square deviation (RMSD) from the initial
trans conformation was plotted (Fig. 3 A). This analysis
shows a bridge-shaped intermediate species formation in
three trajectories (trajectories 1, 4, and 5), whereas for the re-
maining two trajectories (trajectories 2 and 3) the intermedi-
ate species was only transiently populated (see Movie S1 and
Movie S2 in the Supporting Material). To further investigate
the order of events during the trans to cis photoisomerization,
two improper dihedral angles N1-C7-C4-N2 and N1-C7-C4-
C5were plotted for the five trajectories. These angles showed
that during isomerization, the above-mentioned bridge-
shaped intermediate is formed by a twist around the NN
bond, followed by a rotation of the distal phenyl ring of azo-
benzene about an axis passing through C7–C4 atoms (Fig. 3
B). For trajectories 1, 4, and 5, the distal ring of azobenzene
rotates in the clockwise sense, looking from the direction of
the DNA backbone to which it is attached after forming the
intermediate species; however, for trajectories 2 and 3, the
distal ring of azobenzene rotates in the anticlockwise sense,
with respect to the closer ring. The observed intermediate
bears some similarity to a S1/S0 conical intersection structure
found in ab initio QM/MM (36), and in semiempirical sur-
face-hopping simulations (37).
To clarify further that trans to cis isomerization in azo-
benzene does not occur through a pure rotation of the NN
bond in the restricted DNA environment, we have included
in Fig. 3 the time evolution of the C14-C7-C4-C5 angle that
reflects the relative orientation of the benzene rings (green
trace). As can be seen from the figure, the initial change
in benzene ring orientation caused by rotation around the
NN bond is subsequently balanced by N1-C7-C4-C5
rotation of the distal benzene ring. Overall, the benzene
ring orientation undergoes a change by ~50 that is signifi-
cantly inferior to the 180 rotation that would be caused by
FIGURE 3 Photoisomerization of azobenzene in
DNA environment. (A) RMSD of azobenzene non-
hydrogen atoms from the initial trans conforma-
tion for five trajectories during relaxation from
the trans excited to the cis ground state. The
bridge-shaped transition intermediate has an
RMSD of ~0.8 A˚. (B) Change of N1-C7-C4-N2
and N1-C7-C4-C5 dihedral angles during azoben-
zene photoisomerization in simulations showing
that the bridge-shaped intermediate structure is
formed due to a change of the N1-C7-C4-N2 angle
followed by a twist of the N1-C7-C4-C5 angle
about the axis joining C7–C4, resulting in the cis
conformation. Change of the C14-C7-C4-C5 dihe-
dral angle (~50 on average) reflects that azoben-
zene isomerization does not occur through a pure
rotation around the NN bond in the restricted
DNA environment. To see this figure in color, go
online.
Azobenzene Photoisomerization in DNA 935a pure rotation of the NN bond. Hence, this mechanism is
volume-conserving and adapted to the local DNA environ-
ment, allowing the isomerization to take place in the stacked
position.
To investigate whether azobenzene is stacked or flipped
out during trans to cis isomerization, the buried surface
area between azobenzene and neighboring bases was plotted
for the randomly chosen five trajectories (see Fig. S5),
showing that azobenzene remains partially stacked during
switching for most of the cases.Dynamics of trans and cis azobenzene in DNA
After isomerization, equilibrium simulations show that azo-
benzene remains mobile between neighboring DNA bases,
and fraying from the basepair stacked position is observed.
To quantify the azobenzene mobility, an order parameter S,
defined as the surface area of azobenzene buried between
neighboring DNA bases, is plotted during the entire length
of the simulation (Fig. 4). In trans form, azobenzene goes
in and out of the basepair-stacked position during two inde-
pendent simulations, whereas cis azobenzene remains flip-
ped out of the basepair stacks. It is likely that the planar
trans form can easily pass in and out between DNA bases;
however, once unstacked, the bent cis structure is hindered
from coming back to the stacked position.FIGURE 4 Buried surface area (S) of azobenzene between neighboring
bases during trans and cis simulations. (Dotted line) Estimation of S
when azobenzene is visually stacked between neighboring bases. To see
this figure in color, go online.Effect of azobenzene attachment on nearest-
neighboring bases
Attachment of azobenzene to DNA is likely to have the
strongest effect on the stability of the nearest-neighboringbases. To quantify this effect, RMSF from the average struc-
ture calculated over the simulation length was plotted for
both cis and trans simulations (Fig. 5). As expected, the
non-ring atoms fluctuate more than the ring atoms, and
among the ring atoms, those having lower mass show a
higher fluctuation. For trans azobenzene simulations, the
fluctuations of upper basepairs are similar to B-DNA base-
pair fluctuations; however, the fluctuations of the lower base-
pairs are slightly lower than B-DNA basepair fluctuations,
suggesting stacking of trans azobenzene with lower neigh-
boring bases. In cis conformation, neighboring basepair fluc-
tuation of azobenzene is similar to that of B-DNA. This is
probably because the cis azobenzene is unstacked during
the simulation, and does not affect neighboring basepair
fluctuations.Biophysical Journal 107(4) 932–940
FIGURE 5 RMSF of ring atoms of azobenzene neighboring bases (up-
per/lower: 50/30) from the average structure calculated over simulation
trajectory. The error bars indicate deviations of RMSF values calculated
over two equal halves of the entire trajectory. To see this figure in color,
go online.
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To examine whether attachment of azobenzene to DNA dis-
torts the structure, a clustering analysis was performed in
VMD using a cutoff value of 2 A˚ based on RMSD from
the initial structure after aligning to the same. We found
that trans/cis azobenzene attachment to DNA induces
similar (in terms of RMSD) structural changes in DNA,
which is different from the native DNA conformation (see
Fig. S4). We now proceed to make a detailed characteriza-
tion of the structural changes in DNA upon azobenzene
attachment.FIGURE 6 Distribution of DNA basepair step (slide, tilt, twist, rise, shift, an
neglecting the basepair step(s) at the position(s) of azobenzene insertion and th
and rotational parameters in degrees. To see this figure in color, go online.
Biophysical Journal 107(4) 932–940To investigate in detail the structural changes in DNA
induced by azobenzene attachment, the basepair step and
helical parameters calculated from cis, trans, and B-DNA
simulations were compared, showing that the effect of
azobenzene insertion is most evident for DNA helical
parameters and basepair slide (Fig. 6). DNA attached
to a single trans azobenzene moiety has lower average
inclination, tip, and x-displacement, and higher slide and
y-displacement values compared to the B-DNA (Table 1).
The shift of average values of these parameters from
the corresponding values for B-DNA further increases
upon multiple azobenzene stacking. Distortion of DNA
helical conformation is likely induced by insertion of
additional units in the DNA backbone on one strand (see
Fig. 1) and is similar for trans and cis azobenzene. Also,
during trans/cis isomerization of DNA with five copies
of azobenzene, only a fraction (usually one or two copies)
switch to the cis conformation within 50 ps of relaxation
time, and an oligomer with a mixture of cis/trans azo-
benzenes is obtained that affects the induced distortion
in DNA.Local versus nonlocal effects of azobenzene
To check whether distortion in DNA is localized to the
neighboring bases of azobenzene or distributed over all
the bases of the DNA oligomer, distributions of inclination
and slide were plotted by progressively including azoben-
zene neighbors for simulation of a trans azobenzene
attached to DNA (Fig. 7). It was found that the induced
change in inclination is delocalized over all the bases
of the oligomer, whereas change in slide is localized to
the nearest-neighboring bases. Changes of other helicald roll) and helical (inclination, tip, and x- and y-displacement) parameters
e terminal pairs of bases. Translational parameters are given in A˚ngstroms
TABLE 1 DNA basepair step and helical parameters with standard deviations indicated by the 5-range
Parameter B-DNA 1 azo (trans) 1 azo (cis) 5 azo (trans) 5 azo (cis)
Slide 0.785 0.74 0.795 0.67 0.675 0.75 0.235 0.90 0.575 0.75
Shift 0.045 0.79 0.065 0.70 0.045 0.99 0.115 0.85 0.255 1.18
Roll 2.835 6.94 2.765 6.39 1.265 9.10 2.635 7.37 1.135 12.94
Tilt 0.405 5.03 0.715 4.51 1.425 6.52 0.805 4.76 0.795 9.46
Twist 31.665 6.59 32.185 5.29 31.675 10.83 32.635 6.22 31.175 6.93
Rise 3.355 0.44 3.345 0.35 3.295 0.73 3.285 0.34 3.245 0.73
Inclination 6.715 7.20 4.725 7.30 4.235 8.88 1.495 9.66 1.955 12.96
Tip 0.565 6.30 2.305 6.69 2.095 7.77 8.635 7.26 9.635 13.13
x displacement 1.935 1.00 1.585 0.99 1.445 1.03 0.165 1.37 1.185 1.78
y displacement 0.015 0.76 0.205 0.78 0.395 0.84 1.355 0.98 1.435 1.02
Translational parameters are given in A˚ngstroms and rotational parameters in degrees.
Azobenzene Photoisomerization in DNA 937parameters are similarly delocalized over all DNA bases,
and are shown in Fig. S2.DNA backbone and sugar
We further investigated the change inDNAbackbone dihedral
angles, the glycosidicc-angle, and base sugar puckering upon
azobenzene attachment (Fig. 8). The plot reveals that back-
bone dihedral and c-angle distributions remain similar to
those obtained for canonical B-DNA upon single or multiple
azobenzene insertion except for the parameter d. Distribution
of d for B-DNA spans a range 60–170 with the characteristic
two peaks, at 90 and 130, with the peak at 130 having a
higher population. One or multiple copies of azobenzene
attachment to DNA increase the population of the higher
peak and decrease the population of the lower peak. Table 2
summarizes the effect of azobenzene attachment on DNA
sugar puckering. Previous analysis of DNA crystal structures
indicated that C20-endo (pucker phase 144–180) and O10-
endo (pucker phase72–108) sugar puckering is characteristic
of B-DNA structure, whereas C30-endo (pucker phase 0–36)
sugar puckering is common for A-DNA (38). In our simula-
tions, increases in the percentage of baseswithC30-endo sugar
puckering and decreases in the percentage of bases with O10-
endo conformations were observed with progressive increaseFIGURE 7 Distribution of slide and inclination obtained by progres-
sively including azobenzene neighbors on both sides for a trans azobenzene
attached to DNA. (Dotted line) Distributions of slide and inclination param-
eters for B-DNA.in the number of azobenzene molecules. However, the per-
centage of DNA bases with C20-endo sugar puckering also
increases with an increase in the number of azobenzenes.Stability of DNA-azobenzene complex
It has been reported earlier that multiple azobenzene attach-
ment to DNA with L-threoninol linker lowers the melting
temperature (6). To investigate whether DNA distortion
upon azobenzene attachment is augmented by thermal
energy, we compared distributions of inclination and slide
parameters with those obtained at an elevated temperature
of 320 K (Fig. 9 A). The plot reveals that an increase in the
thermal energy does not shift the maximum of the inclination
and slide distributions for trans and cis simulations, but
makes them broader, suggesting increased structural
fluctuations.
Finally, to investigate whether conformational changes in
DNA upon azobenzene attachment promote DNA dena-
turation, a running average over 200 ps of the simulation
trajectory of the fraction of the total number of Watson-Crick
hydrogen bonds present in a DNA oligomer (neglecting the
terminal pairs of bases)was plotted (Fig. 9B). The plot reveals
thatmultiple azobenzene attachment toDNAresults in a small
decrease in the fraction of hydrogen bonds compared to B-
DNAonly for the cis conformer.However, amore pronounced
decrease in the fraction of hydrogen bonds occurs for DNA
with multiple azobenzenes at an elevated temperature, sug-
gesting lowering of DNA stability (compared to B-DNA).
Whereas the cis conformation entails loss of hydrogen
bonding at 284 K, similar loss of hydrogen bonding at 320
K for both trans and cis conformations (Fig. 9) is likely due
to one of the following reasons:
1. The cis azobenzene-induced perturbation to DNA
hydrogen bonding is lost at higher temperature due to
increased structural fluctuations.
2. As observed in replica exchange molecular-dynamics
simulations for azobenzene in RNA (39), the stability
curves of the trans and cis complex with temperature
decay in a dissimilar way, and may intersect at ~320 K.
An analysis of DNA-azobenzene melting is underway.Biophysical Journal 107(4) 932–940
FIGURE 8 Distribution of DNA backbone dihedral angles, the glycosidic c-angle, and base sugar puckering. Highest populated puckering phase angles for
A or B-DNA sugar conformations have been highlighted with colors (C30-endo/ yellow, O10-endo/ orange, C20-endo/ blue). Translational parameters
are given in A˚ngstroms and rotational parameters in degrees. To see this figure in color, go online.
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Light-activated trans to cis photoisomerization of azo-
benzene is a fast process occurring on the timescales of
femto- to picoseconds (8) whereas subsequent conforma-
tional changes in the macromolecular environment are
likely to occur at longer timescales of nano- to microsec-
onds. To encompass this wide range of timescale, the photo-
switching dynamics analysis had to be performed with an
empirical force-field model. This model is less detailed
than the ab initio (36) and semiempirical QM/MM simula-
tions (37), but still captures the relevant events during isom-
erization, i.e., a pedal-like NN twist motion leading to a
bridge-shaped intermediate followed by a reorientation of
the phenyl rings (Fig. 3), which is a volume-conserving
mechanism in the DNA environment. The pedal-like NN
twist motion offers minimum destabilization of DNA
base-stacking interactions (see Movie S3), as opposed to a
pure rotational switch motion (18).
Furthermore, we found that the trans to cis switching
timescales are plausible, i.e., of 10 ps (see Fig. S1), whichTABLE 2 Population of DNA sugar-pucker phase angles (in
degrees) in simulations
Pucker
phase B-DNA
1 azo
(trans)
1 azo
(cis)
5 azo
(trans)
5 azo
(cis)
0–36 2 2 1 4 4
36–72 7 8 4 8 7
72–108 24 23 18 15 16
108–144 38 36 40 33 37
144–180 25 25 30 30 29
>180 4 6 7 10 7
Biophysical Journal 107(4) 932–940compares reasonably well with QM/MM simulations of azo-
benzene in DNA (P. Mondal, J. Ortiz-Sa´nchez, M. Biswas, I.
Burghardt, unpublished data). In fact, the switching
timescale is considerably longer than in the isolated
chromophore (~200 fs). These findings are in agreement
with similar observations of significantly longer switching
times for the isomerization process in azobenzene assem-
blies (40).
In our simulations, trans azobenzene causes structural
changes in the DNA similar to those from the cis conformer.
This, however, does not contrast with the observation that
the planarity of trans azobenzene is likely to stabilize stack-
ing interactions with DNA bases whereas the nonplanar cis
conformation would destabilize these interactions. In fact,
careful inspection of Fig. 9 shows that DNA, with multiple
azobenzenes in cis form at room temperature, has fewer
hydrogen bonds than the trans conformer—likely occurring
due to the trans form staying within the double helix and
being stabilized by favorable stacking interactions. Further-
more, insertion of the cis conformation in the double-strand
structure via a linker which would favor a stacked confor-
mation between DNA bases, may induce enhanced destabi-
lization of DNA. Indeed, the properties of the linker have
been shown to have an important effect on trans versus cis
melting temperatures (6).
Structural changes are observed in basepair-step slide and
helical parameters as well as in DNA sugar puckering. It is
known that binding of protein and drugs induces a B/A
conformational transition in DNA (41). Although covalent
attachment of azobenzene to DNA induces an increase in
C30-endo sugar puckering, common in A-DNA, the overall
conformation stays closer to that of B-DNA.
FIGURE 9 Effect of thermal energy on azobenzene-attached DNA conformation and stability. Temperature fluctuation (standard deviation) around the
mean is shown for simulations in the NVE ensemble. (A) Distribution of slide and inclination parameters at different temperatures with multiple copies
and azobenzene and B-DNA. (Dotted lines) Simulations at an elevated temperature of 320 K. (B) Fraction of total number of hydrogen bonds present in
a DNA oligomer during the simulation. (Upper panels) Hydrogen-bond fractions for B-DNA. To see this figure in color, go online.
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amplifies the (de-)stabilizing effect on DNA (6,21). In our
simulations, multiple azobenzene stacking augments the
structural distortions. The destabilizing effect of multiple
trans azobenzene attachment at elevated temperature
observed in our simulations is likely a result of the
intrinsic anticlockwise winding of the L-threoninol linker,
which disfavors the right-handed clockwise winding of
B-DNA (11).
Localization of azobenzene isomerization-induced de-
fects in DNA hairpins has been investigated before,
showing that the defect is localized to the two neighboring
bases (42). However, in that study, azobenzene was cova-
lently attached to both strands of DNA forming the
hairpin. Also, the study focused on isomerization-induced
changes in DNA structure and not on the structural
changes in DNA induced by either trans or cis azobenzene
attachment. In our case, azobenzene was covalently
attached to a single strand of DNA via an L-threoninol
linker, which may also affect delocalization of induced de-
fects in DNA.
Overall, this study underlines the following key aspects
regarding isomerization-induced destabilization of DNA:
1. Covalent attachment of azobenzene to DNA backbone
deforms the DNA helical conformation,
2. Isomerization of azobenzene at room temperature in a
confined DNA environment does not necessarily lead
to destabilization of the molecule, and
3. Conformational stress and thermal energy are two key
factors regulating azobenzene-induced destabilization
of DNA.CONCLUSION
The timescale of MD simulations (100 ns) presented here is
much shorter than the timescale over which DNA melting
takes place (microseconds or longer (43)). The simulation
results at 320 K presented here should be interpreted to qual-
itatively understand how increased thermal energy affects
native and azobenzene-attached DNA structures, and not
for comparison with melting temperature studies. In a forth-
coming study, we will document explicit calculations of
melting temperatures using replica exchange methods.SUPPORTING MATERIAL
Principal Component Analysis section, six figures, one table, and three
movies are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(14)00691-2.
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